development also involve Ca. Early events in nodule formulation are similar to those of secondary root forAcidic soils tend to limit the nodulation of forage legumes and mation and are accompanied by changes in intracellular roothairs are important for Rhizobia binding and the initiation of nodule formation. This study examined the effects of Ca, pH, and Al
growth and physiology of roothairs may be sensitive to experimental conditions demonstrated that soil pH-soil-available Al high available Al-low soil pH, since Al tends to interfere adversely affected on root elongation and nodulation. When results with Ca dependent processes (Foy, 1984) . Only limited from this and the previous reports are considered together, the comresearch results are available on the effects of Al on bined results suggest that root elongation and nodulation were more roothair growth and development. With soybeans [Glysensitive than roothair length to acidic soil conditions. cine max (L.) Merr.] seedlings growing in nutrient solutions, the addition of Al decreased the length of the root occupied by roothairs and the length and density I t is well known that the addition of lime to acidic of roothairs (Brady et al., 1993) . Increasing solution Ca soils increases the nodulation and growth of legumes.
decreased the adverse effects of solution Al on rootInhibition of plant growth by acidic soils involves a hairs. Similarly, increasing solution Al decreased rootcomplex interaction of soil conditions that include low hair length and density in two lines of the white clover pH and Ca and high available levels of Al and Mn (Foy, variety, Tamar, selected for either long or short root-1984) . There is evidence that increases in soil Ca may hairs (Care, 1996) . Interestingly, these two selections of promote nodulation. For example, Ca concentrations in white clover did not differ in tolerance to Al (Wheeler, excess of 2 M were necessary for optimum growth of 1995). rhizobia in solution culture (Balatti et al., 1991) . MilliIn a series of experiments, Brauer (1998) and Brauer molar concentrations of Ca were necessary for maximal et al. (2002) have demonstrated that root elongation attachment of Rhizobium meliloti to alfalfa (Medicago and secondary root formation of white clover (cv. Huia) sativa L.) roots in nutrient solution (Howieson et al., is less sensitive to acidic soil conditions (high available 1993). Increased expression of the nodulation genes in Al-low soil pH) than nodulation. The current study was Rhizobium leguminosarum bv. Trifolii occurred with undertaken to determine if roothair lengths of white the addition of Ca (Richardson et al., 1988) . Nodulation clover was affected by acidic soil conditions under simiprotein, NodO, appears to be a Ca binding protein (Sutlar experimental conditions in which decreases in noduton et al., 1994), further suggesting that Ca regulates lation, root elongation, and secondary root formation the nodulation process. In addition, rhizobial nodulation have been previously characterized (Brauer, 1998 ; Brauer factors alter Ca homeostasis in roothair cells (Felle et et al., 2002 (Felle et et al., ). al., 1998 Felle et al., 1999) . Cytoskeleton changes in roothairs that occur in response to rhizobium attach-MATERIALS AND METHODS ment involve Ca binding proteins (Miller et al., 1997) . Changes in root physiology and structure early in nodule Seedling Propagation this manner were used for both the solution and soil culto 80% of field capacity, and incubating for Ͼ28 d at 20 to 25ЊC in plastic bags. Periodically, soil moisture was determined ture experiments.
and corrected by light spraying with distilled water, followed by thorough mixing. Measurements of soil pH during this time
Solution Culture Experiments
revealed equilibration by 14 d for both lime sources. The treated soils were then stored in the moist condition at 4ЊC Test solutions were prepared by the dilution of various in double plastic bags until used in the experiments. Soils amounts of stocks of CaCl 2 (20 mM ) and AlCl 3 (10 mM ) with used for both experiments were from the same source plot, but distilled, deionized water. The aluminum stock was previously collected, processed and treated approximately two years apart. titrated to pH 3.7 with HCl. The Al solutions were prepared Conetainers (SC-10; Stuewe and Sons, Corvallis, OR) of by dilution with water and CaCl 2 stock, and then the addition 4-cm diameter were used for the soil experiments. Conetainers of HCl to pH 4.5 or other desired pH. Air was bubbled through have a top cylinder 4 cm in diameter and a length of 18 cm the solutions, overnight, to ensure O 2 saturation, and then over a partial cone ending in a hole when the diameter is 1.5 the pH adjusted, again, just before seedling immersion. Five cm. The bottom, partial cone of the Conetainer was fitted seedlings were placed in 10-cm diameter Petri plates conwith a #9 rubber stopper. The Conetainer was then filled with taining 20 mL of the aerated solution. The dishes were not soil to within 2.5 cm of the top, producing a soil column of agitated, shaken, or stirred during growth of the seedlings at 16 to 17 cm. Five seedlings were planted in the moist soil at 25ЊC in the dark for additional time. Roothair measurements a depth of 0.5 cm, after which 50-g sterile, acid-washed sand commenced after 12 h of additional incubation. All data from was added to the soil surface to reduce evaporation. The mass a single experiment were collected within 3 h. During the data of each Conetainer was recorded immediately and maintained collection period, seedlings had germinated on average for by distilled water addition every 2 d. Plants were grown in a 36 h and the root system consisted only of the primary radicle.
growth chamber with a light/dark regime of 16/8 h at an averEach experiment contained three replicates of each treatage irradiance of 300 mol m Ϫ2 s Ϫ1 at 25/20ЊC, respectively, ment, as well as a control solution containing 0.4 mM CaCl 2 and at 60% relative humidity. Plants were harvested after 2 at pH 4.5 and was repeated two to four times. Two experiments to 10 days of exposure (DE). Conetainers were submerged in are described in detail. In the first, the effects of bulk solution tap water until saturated, then the plant-soil core expelled by pH and Ca concentration were assessed. Roots were incubated pushing the rubber stopper out from the bottom with the aid in solutions that had bulk solution pH of 4.0, 4.5, 5.0, or 6.0.
of a wooden stave. The plants were thoroughly washed by At each bulk solution pH, the solution contained 0.04, 0.4, or hand with tap water to remove most of the soil, after which 4.0 mM CaCl 2 . The experimental unit for all solution culture they were gently cleaned in several changes of water with a experiments was a Petri plate, i.e., data from individual seedfine-haired brush to remove any remaining fine soil particles lings were averaged before statistical analyses. Data from the or debris. Roots harvested in this manner had little, if any, first experiment were subjected to analysis of variance by SAS soil contamination and root caps were observed in Ͼ95% of PROC Mixed (SAS Institute, 1999) with bulk solution Ca the roots. Additionally, cytoplasmic streaming was observed concentrations (n ϭ 3) and bulk solution pH (n ϭ 4) as fixed in virtually all of the roothairs. These two observations suggest effects, and experiments (n ϭ 2) and replicates within experithat little damage to the roots and roothairs had occurred ment (n ϭ 3) as random effects. Differences among treatments during the excavation and cleaning process. Root systems of were determined by comparing least squares means and stanplants in these experiments consisted of only a primary root, dard errors. In the second experiment, the effects of solution i.e., secondary roots are absent. Secondary roots form about Al were assessed at a bulk solution pH of 4.5 and a bulk 15 d after planting in this system (Brauer et al., 2002) . Secondsolution Ca concentration of 0.4 mM CaCl 2 . Bulk solution ary roots can be easily distinguished from roothairs and nodconcentrations of AlCl 3 were 0, 2, 4, 8, 16, or 24 M. Data ules by microscopic evaluations, in terms of thickness and site from this experiment were subject to analysis of variance by of differentiation (data not shown). SAS PROC Mixed (SAS Institute, 1999) with bulk solution Two experiments are described herein. In the first, the Al concentration (n ϭ 6) as a fixed effect, and experiments effects of soils amended without and with lime were assessed (n ϭ 4) and replicates within experiment (n ϭ 3) as random on roothair lengths for seedlings for 2 to 10 DE. The soils in effects. Least square treatment means and standard errors this first experiment were either unlimed or limed with 0.7 g were also calculated by SAS PROC Mixed (SAS Institute, CaCO 3 kg Ϫ1 dry soil. Chemical characteristics of the two soils 1999). Data from the experiment in which bulk solution Al are reported in Table 1 . The experimental unit for both soils concentrations were varied were also analyzed by regression by SAS PROC Reg (SAS Institute, 1999) . Data were averaged experiments was a pot, i.e., data from individual plants were across experiments and replications before regression analysis.
averaged before statistical analyses. Data from this first soils Aluminum species, and the activities of Ca ϩ2 , H ϩ , and Al ϩ3 experiment were subjected to analysis of variance using SAS species in the bulk solution and adjacent to the root surface PROC Mixed in which the model consisted of DE (n ϭ 6) were calculated by use of the "specgcs" GWBasic program and liming treatment (n ϭ 2) as fixed effects, and experiments (Kinraide, 1994) , using the same coefficients as in Kinraide (n ϭ 2) and replicates within experiment (n ϭ 3) as random (1994) .
effects. In the second, the effects of various rates of lime addition were tested. Seedlings were grown for 10 DE in four Gilpin series soil differing in lime application before
Soil Experiments
measuring roothair lengths. Lime application rates and selected chemical characteristics of the four soils are reported Gilpin silt loam soil (fine loamy, mixed mesic, Typic Hapludult) was collected from the surface (0-15 cm) layer of an in Table 1 . Data from the second soils experiment were subjected to analysis of variance using SAS PROC Mixed in which abandoned pasture that had received little or no management for nearly 40 yr. Native rhizobia were essentially absent from the model consisted of liming treatment (n ϭ 4) as a fixed effect, and experiments (n ϭ 2) and replicates within experithe fresh soil (Staley and Morris, 1998) . After collection, the soil was air-dried, passed through a 2-mm mesh sieve, and ment (n ϭ 3) as random effects. Least square treatment means and standard errors were also calculated by SAS PROC Mixed stored at 20 to 25ЊC. Soils were amended by thoroughly mixing dry soil and lime, either CaCO 3 or dolomitic limestone, wetting (SAS Institute, 1999). preliminary investigation suggested that roothair length Roothair lengths were determined from these stored images was a more sensitive measure than roothair density, and with the distance tool in NIH Image. Mean roothair length (MRHL) was determined as the average length of roothairs thus these studies focused on roothair lengths. Bulk solution pH and Ca concentrations had a profound but complex effect on MRHL, whereas bulk solution Al concentrations had little effect on MRHL in the Soil Chemical Analyses second experiment (Table 2) . At pH 4.0, roothairs had
The moist, treated soils were air-dried before chemical anala maximum length at 0.4 mM Ca, whereas at pH 4.5, yses. Exchangeable Ca was extracted with 1 M ammonium acetate, while exchangeable Al was extracted with 1 M KCl. roothair elongation had developed, followed by a 0.5- maximum roothair length occurred at 0.04 mM Ca Increasing bulk solution Al concentration up to 24 M Al at pH 4.5 and 0.4 mM Ca had little effect on MRHL (Fig. 1) . There was little effect of Ca concentration on roothair lengths at pH 5.0 and 6.0. Ionic activities at the (Fig. 3) . The F value for the regression model of MRHL as a function of bulk solution Al concentration was 1.89, root surface can be quite different than those in the bulk solution because of a high density of negative charges which was not significant at P Ͻ 0.10. In addition, the slope of the regression equation between MRHL and associated with the root surface under ordinary growth conditions (Kinraide, 1994 (Kinraide, , 1998 (Kinraide, , 2001 . When the data solution Al was not significantly different from zero, 0.37 Ϯ 0.27 (SE). The lack of an effect of Al on MRHL in Fig. 1 were transformed using the relationship described by Kinraide (1994) , a relatively simple relationwas surprising, since at pH 4.5, Al should exist primarily as monomeric species [Al ϩ3 , Al(OH) ϩ2 , Al(OH) 2 ϩ ], all ship between root surface pH and MRHL was found (Fig. 2) , that being a narrow optimum at pH 3.8. The of which have been identified previously as being phytotoxic (Kinraide, 1998; Kinraide and Parker, 1989) . Unresults of Fig. 1 and 2 suggest that pH at the root surface is a more sensitive measure of the response of roothairs der the experimental conditions for the results in Fig. 3 , increases in bulk solution concentrations of Al up to 24 to solution pH, and that pH at the root surface can be modulated by both solution pH and Ca concentration.
M are associated with increases in the predicted activ- ity of Al ϩ3 at the root surface (Brauer, 1998). There is length increased with DE and was significantly greater for plants grown in the limed soil (Table 4) . Values little increase in predicted root surface activity of Al ϩ3 when bulk solution concentration of Al was increased for length of the roothair elongation zone and MRHL increased with DE (Table 4) . Values for MRHL did not beyond 24 M (data not shown).
differ between limed and unlimed soils at each of the sampling dates (Table 2) . Parenthetically, MRHL were Soil pH, Calcium, and Aluminum Effects similar to those reported in Table 2 for roots from seedLow-level liming with CaCO 3 (0.7 g kg Ϫ1 dry soil) of lings growing in soil that had been limed at levels below the Gilpin soil significantly increased pH from 4.8 to (200 mg CaCO 3 kg Ϫ1 dry soil) and above (1200 mg 5.3 and significantly decreased the percentage of base CaCO 3 kg Ϫ1 dry soil) the level used in this experiment saturation as Al (Table 1) . Analysis of variance indi-(data not shown). cated that DE and liming treatments significantly afLow-level liming of the Gilpin soil with dolomitic fected primary root length and DE significantly affected limestone, as described by Staley and Morris (1998) , lengths of the roothair elongation zone and rootcap and produced a series of four soils over a narrow, acidic pH MRHL (Table 3) . Length of the rootcap increased from range, nearly bracketing the two soils (pH 4.8 and 5.3) an average of 0.3 Ϯ 0.02 (SE) cm at 2 to 5 DE to used in the experiment immediate above (Table 1 ). The 0.4 cm Ϯ 0.02 cm at 7 to 10 DE. Length of the roothair number of roothairs 10 DE were recorded along the elongation zone increased progressively from 0.2 Ϯ 0.1 cm at 2 DE to 0.7 Ϯ 0.1 cm at 10 DE. Primary root previously (Brauer, 1998; Brauer et al., 2002 showed a distinctly optimum for a predicted root surface pH of 3.8 (Fig. 2) . 0.7 cm edge of the root immediately behind the zone This study and the studies reported in two previous of roothair elongation, as well as MRHL. No significant publications (Brauer, 1998; Brauer et al., 2002) were differences were found among the liming treatments for initiated to determine factors responsible for decreasing either number of roothairs or MRHL (Table 5) .
the nodulation of white clover under acidic soil conditions. When the results of this study are examined in
DISCUSSION
light of those in the two previous publications, it is
Comparison with Previous Studies Examining
apparent that nodulation is more sensitive than root
Effect on Roothairs
and roothair growth in this system. These results tend to support the conclusion of Robson and Loneragan The results of this study were in contrast to those (1970) and Wood (1995) that disruption of the ability published previously regarding the effects of acidic soil of the Rhizobia to interact with host root or inability conditions on roothair length and density. The addition to maintain high enough population are the primary of Al decreased the length and number of roothairs by causes for the reduction in nodulation under acidic consoybean (Brady et al., 1993) and white clover (Care, ditions. 1996) . In this study, addition of Al to the solution bathing roots and acidic soil conditions had no significant effect on roothair length and number (Fig. 3 , and Ta-REFERENCES ble 2-5). Both Brady et al. (1993) and Care (1996) dramatically (Marschner, 1986) . Although there is no
